We theoretically propose an asymmetric plasmonic slot waveguide (APSW) with a thin silicon nanocrystal (Si-nc) layer and a thinner silicon layer that fills the bottom and the top of the metallic slot region to increase third-harmonic generation (THG) efficiency. The needed modal phase-matching condition is satisfied with properly mode dispersion engineering by exploiting the waveguide geometrical parameters. Combining the asymmetric waveguide structure and the high third-order susceptibility of the nonlinear materials, efficient phase-matched THG from mid-infrared (IR) to near-IR regions is realized. Then, the THG performance was further improved by increasing the silicon slot width wherein the THG nonlinear coefficient as large as 21452 m À1 Á W À1 is achieved. The corresponding THG efficiency comes up to 0.5% at a waveguide length of 9.3 m with a pump power of 1 W.
Introduction
Over the past few years, slot waveguides have been a research hotspot due to their unique properties to squeeze the optical mode size down to the scale beyond the limit imposed by the laws of diffraction in dielectric media [1] . A range of actual applications based on the slot platform such as biochemical sensing [2] , polarization converting [3] , all-optical high-speed signal processing [4] , and optical manipulating [5] have been proposed. In the meantime, the study of mid-IR silicon photonics is thriving field of research in nano-optics, as the actual implementation of optoelectronic devices have provided potential applications [6] , [7] . In particular, theories and devices to link the mid-IR to near-IR waveband based on nonlinear wavelength conversion have been intensively studied [8] , [9] . Consequently, silicon slot waveguides based on mid-IR waveband is attractive, and can be used to realize the highly desired optical nonlinear effects such as all-optical signal processing, free-space communications, optical sensing and ultrafast switching. Among the nonlinear effects, third harmonic generation (THG) has been demonstrated to be a promising candidate to realize high speed optical performance monitoring [10] , label-free imaging [11] , and self-polarization smoothing [12] . Therefore, search for efficient THG from mid-IR to near-IR regions in slot waveguides is valuable.
Typically, efficient THG in a slot waveguide requires nonlinear interactive material with large third-order nonlinear susceptibility, great pump-harmonic mode overlap and modal phasematching, which depend on the waveguide geometry and the third-order nonlinear susceptibility of the interactive material. Metallic slot waveguide is the most promising structure due to its deep 3-D nanoscale mode confinement and huge field enhancement [13] . Furthermore, modal phasematching between the fundamental wave (FW) and the generated third harmonic (TH) is also achievable by engineering the mode dispersion. However, the modal phase-matching condition is satisfied at the cost of reducing the pump-harmonic mode overlap, which is always less than the interaction of modes with same orders. The lowest mode overlap is found when a fundamental mode interacts with a first order mode, because the nearly anti-symmetric profile of the latter electric field greatly reduces the strength of overlap with the symmetric fundamental field. In case when the waveguide is symmetric, i.e., substrate and cladding are identical, the overlap value further diminishes to almost zero due to the symmetry constraints. To circumvent this problem, asymmetric waveguide structure has been proposed [14] . On the other hand, silicon nanocrystal (Si-nc) which possesses high third-order nonlinear susceptibility has stimulated extensive research interest on all-optical high-speed signal processing [15] . A recent work has demonstrated the possibility to realize all-optical switching by means of ring resonators based on Si-nc slot waveguide [16] .
In this paper, we propose an asymmetric plasmonic slot waveguide (APSW) configuration combining the properties of the plasmonic, the asymmetric waveguide construction, and the high third-order susceptibility ð3Þ of the Si-nc for high efficient phase-matched THG. The modal phase-matching between the 0th mode at FW and the second mode at TH is achieved by carefully employing the waveguide geometrical parameters. THG performance in the APSW is then analyzed numerically in detail. Fusing the modal phase-matching, the high third-order susceptibility of the Si-nc, and the large pump-harmonic mode overlap, high THG efficiency at short waveguide length is achieved. Then we further improved the THG efficiency by modifying the asymmetry of the third harmonic wave. In the new waveguide, the pump-harmonic mode overlap has been significantly enhanced, which makes it possible for the achievement of higher THG conversion efficiency.
Waveguide Design and Nonlinear Modeling Approach
A sketch of the proposed APSW is displayed in Fig. 1 , with the considered high ð3Þ Si-nc layer and a thinner silicon layer filled the bottom and the top of the slot region. The width and height of the slot are w , h 1 (Si-nc slot height), and h 2 (silicon slot height), respectively. The thinner silicon layer used here is to isolate the field from the metal on the top to the Si-nc. Silver (Ag) is the selected metal cladding medium due to its relatively low induced propagation loss. Its thickness is fixed to be h Ag ¼ 500 nm and its permittivity dispersion is given in [17] . The substrate is formed by silica (SiO 2 ). Material dispersions for accurately modeling the refractive indices of Si-nc [18] In order to investigate the THG process in this APSW, the nonlinear coupling wave equations (NCWE) need to be outlined. It need to be note that, the nonlinear response of silver cladding in the waveguide is neglected due to the nonlocal ponderomotive force, where electric field is tightly confined in the metallic slot region, almost does not penetrate inside the metal cladding layer and decays exponentially with distance from the metal-dielectric interface [21] , [22] . Assuming the fields at fundamental wave (FW) and third harmonic (TH) are in single propagating modes and neglecting their linear propagation losses at first, they can be described by the slowly varying amplitudesÃ j , where j ¼ 1 refers to FW, and j ¼ 3 refers to TH. By applying the unconjugated reciprocity theorem straightforwardly, we have the derivations of dÃ j =dz as
where hÁ Á Ái t is time averaging, A NL is the cross-section area of the waveguide, and @P NL =@t is a source term that arises from the nonlinear interaction. For lossy waveguides case, the nonlinear polarization can be described as
0F j ðr ? Þexp½ið j z À ! j t Þ þ c:c:, withF j being the power-normalized electric mode profiles.r ¼ ðx ; y ; zÞ,r ? ¼ ðx ; y Þ, and
j and j are the real and imaginary part of the complex propagation constant and represent the phase propagation constant and attenuation coefficient, respectively. By substituting (2) and (3) into (1), we finally obtain the NCWE describing the THG process in lossy APSW as
Here, ¼ 3 À 3 1 is the phase-mismatch, and the nonlinear coefficients I 1 , I 2 , I 3 , I 4 , I 5 , and I 6 are defined as
where n 0 ð! j ;r ? Þ and n 2 ð! j ;r ? Þ are the linear and nonlinear refractive index at any location of the waveguide, k 1 ¼ 2= 1 . Note that, we assume n 2 ð! j ;r ? Þ to be constant in a specific media during our following calculation since the dispersion is unknown and has always been neglected [23] , [24] . We then define the THG conversion efficiency as ¼ P 3 ðL p Þ=P 1 ð0Þ, where P 1 ð0Þ ¼ jA 1 ð0Þj 2 is the input FW power, P 3 ðL p Þ ¼ jA 3 ðL p Þj 2 is the maximum output power at TH, and L p is the corresponding waveguide length, respectively. Note that, the THG nonlinear process in Si-nc and silicon stem from ð3Þ ; however, the third-order susceptibility also leads to two-photo absorption (TPA). For Si-nc slot layer, the TH experiences linear loss and nonlinear loss. Nonlinear loss acts as an additional loss mechanism due to the TPA in the third order interaction process which can limit the maximum achievable power lever of the output P 3 ðL p Þ. For the generated TH in the Si-nc slot region, the change of its power P 3 ðzÞ along the z propagation direction is given by the following differential equation [25] :
where Imfg is the imaginary part of the nonlinearity parameter and represents the nonlinear loss, P j ðzÞ ¼ jA j ðzÞj 2 , and É ¼ z þ ' 3 À 3' 1 . Therefore, nonlinear loss induced by TPA is strongly dependent on the power level of the TH, while linear absorption is already quite large at the same time. We restrict our analysis within relatively small pumping level (less than 1 W) so that TPA can have very little impact on the value of the TH power. According to our calculation in fact, the weak power of the TH experiences negligible nonlinear loss in the Si-nc slot region. On the other hand, since the generated power at TH is sufficiently low (9 15 dBm) under the condition of pump power fixed to be lessthan 1 W, the nonlinear loss due to TPA in the silicon slot region is also negligible [26] . Note that, the phase-mismatch ( ¼ 3 À 1 ) can directly influence the conversion efficiency. The main approach to realize modal phase-matching in the APSW is inter-modal phase-matching technique [27] , which takes advantage of the distinction of the mode dispersion properties between FW and TH. This can be satisfied by properly employing the waveguide geometry.
Modal Phase-Matching and Simulation Results
We used full-vector finite-element-method based COMSOL MULTIPHYSICS to analyze the modal phase-matching condition between the guided modes by properly employing the waveguide geometrical parameters. First, the metallic slot width w is fixed to be 20 nm and silicon slot height h 2 to be 100 nm, respectively. According to our simulation, modal phase-matching is achieved between the 0th mode at FW and the second mode at TH. We did not find any other modes at TH which could phase-match with the FW. Fig. 2(a) depicts the dispersion diagrams of the 0th mode at FW and the second mode at TH as a function of h 1 . One can see that, the indices of the two guided modes change little with a wide range of h 1 . We then assume a certain h 1 of 500 nm and study the possible modal phase-matching by adjusting h 2 . Fig. 2(b) gives the effective mode indices of the two guided modes versus h 2 for certain w ¼ 20 nm and h 1 ¼ 500 nm. The intersecting point at h 2 ¼ 160:5 nm indicates the achievable of the modal phase-matching condition. At this intersection, the effective indices of the FW and the TH are 3.1052 þ 0.0489i and 3.1052 þ 0.0136i, respectively.
The corresponding phase-matched field distributions for the 0th mode at FW and second mode at TH are plotted in Fig. 3(a) and (b) , respectively. The length proportioned arrows reveal the TE nature of the guided modes. The mode profile for the second mode at TH is quite asymmetrical as displayed in Fig. 3(b) . We also plot the Ex distributions along x cutline at y ¼ 0 [horizontal red dot lines shown in Fig. 3(a) and (b)] and y cutline at x ¼ 0 [longitudinal black dot lines shown in Fig. 3(a) and (b)] in Fig. 3(c) and (d) to see clearly the behaviors of the two modes. The two electric fields under interest here are tightly confined in the metallic slot region, which demonstrates the negligible nonlinear process in the silver cladding. Fig. 3(d) also illustrates the large pump-harmonic mode overlap between thetwo guided modes due to the specific asymmetric waveguide structure. The electrical components of the 0th mode at FW are all positive, whereas the second mode at TH preserves both positive and negative parts which contribute oppositely to the pump-harmonic mode overlap. Due to the asymmetric electric field distribution of the second mode at TH, the counteractive effect to the pump-harmonic mode overlap is greatly reduced leading to large I 6 according to (5) .
While the modal phase-matching describes the steady nonlinear conversion from FW to TH, THG nonlinear coefficient I 6 in (5) determines the strength of the nonlinear interaction. Therefore, we need to optimize the waveguide structure to achieve optimal THG nonlinear coefficient. Fig. 4(a) gives the distribution of h 2 as a function of the slot width satisfying modal phasematching at a certain h 1 ¼ 500 nm. I 6 was also plotted versus the slot width in Fig. 4(b) . We can see that I 6 decreases with increasing the slot width because of the weaker field confinement with larger slot area. Since the metal-induced linear propagation loss is another important aspect which should be taken into consideration, we define the figure-of-merit (FOM) to evaluate the qualities of the phase-matched points: FOM FW; TH ¼ I 6 = j , where j are the linear propagation loss coefficients. It can be seen from Fig. 4(c) that both FOMs go down with increasing the slot width, which shows that the APSW has better THG performance with narrower slot. However, too narrow slots should not be considered due to the difficult fabrication. Correspondingly, the most promising waveguide geometry is w ¼ 20 nm, h 1 ¼ 50 nm, h 2 ¼ 160:5 nm, with
, and FOM TH ¼ 0:0916 W À1 Á dB À1 , respectively. Then, we calculate the THG conversion efficiency at different waveguide geometries satisfying the modal phase-matching condition. Assuming pump power to be 1 W. The conversion efficiency and the corresponding waveguide length L p are illustrated in Fig. 5(a) . The conversion ç increases with decreasing the slot width together with shorter waveguide length, which is consistent with the FOM variation. Fig. 5(b) depicts the efficiency contour map with different detuning constants. A maximum conversion efficiency is achieved with an optimized detuning of ¼ À39 100 m À1 . The negative detuning has been demonstrated achievable by slightly perturbing the waveguide geometry with nonlinear coefficients nearly unchanged in [28] . Typically, in the APDSW, a variation of 1 nm to the slot width corresponds to a change of AE36 000 m À1 . Therefore, we investigate the THG efficiency with this small range of to compensate for the phase-mismatch induced by the phase modulation during the nonlinear process. Fig. 5(c) detailed depicts the evolution simulation results of the FW power and TH power along the propagation distance under a fixed detuning constant of ¼ À36 000 m À1 . The power of the fundamental mode at FW decreases to the nonlinear conversion and its propagation loss.
The power of the second mode at TH reaches to its maximum value of 0.0014 W at a 7.05 m waveguide length. The corresponding THG conversion efficiency is 0.14%, indicating more than two orders of magnitude larger than what has been achieved in [14] under the same sot width condition. We also give the conversion efficiency and the corresponding optimized detuning constant as a function of the pump power in Fig. 5(d) . The optimized detuning decreases from À7700 m À1 to À39 100 m À1 as pump power increases from 0.2 to 1 W. Obviously, with higher pump power, the conversion efficiency is significantly enhanced.
Improvement of THG Efficiency by Tailoring the Silicon Slot Width
In addition to the high third-order nonlinearity of the slot material and modal phase-matching, a relatively larger pump-harmonic mode overlap can result in more efficient THG. It is clearly known that, field enhancement in the slot region decreases with wider slot. We assume the Si-nc slot width to be w 1 and the silicon slot width to be w 2 in this part. To further increase the pump-harmonic mode overlap, we increase the silicon slot width w 2 to further reduce the field enhancement of the negative part of the second mode at TH. Therefore, the asymmetry of the TH field is further increased compared with the starting waveguide. The modal phasematching is satisfied for silicon slot height h 2 ¼ 132 nm, and silicon slot width w 2 ¼ 360 nm at certain Si-nc slot width w 1 ¼ 20 nm and Si-nc slot height h 1 ¼ 500 nm. At the modal phasematching point, the effective mode indices for FW and TH are 3.1118 þ 0.0305i and 3.1113 þ 0.0132i, respectively. The corresponding dominant mode profiles of FW and TH are plotted in Fig. 6(a) and (b) . The mode profiles become more asymmetrical especially for the second mode at TH. In this case, according to our calculation, the value of I 6 comes up to 21 452 m À1 Á W À1 . Fig. 7(b) depicts the variations of the optical power of FW and TH along the propagation distance with same initial pump power of 1 W and an optimized detuning constant of À45 000 m À1 which is achieved from the contour map as shown in Fig. 7(a) . It can be found that both the maximum efficiency and thecorresponding waveguide length (9.3 m) are increased accordingly. The conversion efficiency is calculated to be 0.5%, which indicates nearly four times of further increment compared with our starting structure. The principle can be seen more clearly in Fig. 6(c) , where displays the 1-D normalized Ex distributions along the cutline of x ¼ 0 [longitudinal dot lines in Fig. 6(a) and (b) ]. As shown in Fig. 6(c) , the negative part of the second mode at TH becomes very tiny (nearly zero) in the integration domain. This indicates that the counteraction effect during the calculation of pump-harmonic mode overlap is much lower and in turn contributes to higher THG conversion efficiency.
It is important to note that, reducing the counteractive contribution of the higher-order mode at TH can greatly increase the pump-harmonic mode overlap. We report on the first propagation of an enhanced mode overlap by reducing the negative electric field portion of the second mode at TH based on an APSW and demonstrate the expected improvement of the THG efficiency. Therefore, we can design more asymmetric waveguide structures to achieve highly efficient THG.
Conclusion
In conclusion, we propose a new asymmetric plasmonic slot waveguide (APSW) and theoretically investigate the possible achievement of efficient third harmonic generation (THG) from mid-IR to near-IR regions. Due to the asymmetric waveguide structure, the pump-harmonic mode overlap is sufficient large. The needed modal phase-matching condition can be satisfied by properly engineering the waveguide geometrical parameters. By optimizing the geometry of the APSW, a high expected THG conversion efficiency of 0.14% is achieved at a 7.05 m waveguide length. Then the THG performance was further improved by reducing the contribution of the negative part of the TH to the pump-harmonic mode overlap. In the modified APSW, THG conversion efficiency comes up to 0.5% at a 9.3 m waveguide length. 
